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Abstract
The aim was to determine if the metabolic adaptations, particularly PGC-1a
and downstream metabolic genes were affected by restricting CHO following
an endurance exercise bout in trained endurance athletes. A second aim was
to compare baseline expression level of these genes to untrained. Elite endur-
ance athletes (VO2max 66  2 mLkg1min1, n = 15) completed 4 h cycling
at ~56% VO2max. During the first 4 h recovery subjects were provided with
either CHO or only H2O and thereafter both groups received CHO. Muscle
biopsies were collected before, after, and 4 and 24 h after exercise. Also, rest-
ing biopsies were collected from untrained subjects (n = 8). Exercise decreased
glycogen by 67.7  4.0% (from 699  26.1 to 239  29.5 mmolkg1dw1)
with no difference between groups. Whereas 4 h of recovery with CHO partly
replenished glycogen, the H2O group remained at post exercise level; neverthe-
less, the gene expression was not different between groups. Glycogen and most
gene expression levels returned to baseline by 24 h in both CHO and H2O.
Baseline mRNA expression of NRF-1, COX-IV, GLUT4 and PPAR-a gene tar-
gets were higher in trained compared to untrained. Additionally, the propor-
tion of type I muscle fibers positively correlated with baseline mRNA for
PGC-1a, TFAM, NRF-1, COX-IV, PPAR-a, and GLUT4 for both trained and
untrained. CHO restriction during recovery from glycogen depleting exercise
does not improve the mRNA response of markers of mitochondrial biogene-
sis. Further, baseline gene expression of key metabolic pathways is higher in
trained than untrained.
Introduction
Carbohydrate (CHO) is an important fuel for skeletal
muscle both during (Bergstrom et al. 1967) and following
exercise (Bergstrom and Hultman 1967), and depletion of
muscle glycogen during prolonged exercise is linked to
fatigue and impairment of performance in training and
competition (Jacobs et al. 1981).
Within the last decade, a new concept of exercising
with reduced muscle glycogen levels (“train low”) has
been introduced in order to optimize the adaption to
training (Pilegaard et al. 2002). Exercising with low mus-
cle glycogen levels or restriction of CHO intake during or
after exercise may be a way of increasing training induced
transcriptional improvements in muscle oxidative capac-
ity, which can potentially enhance athletic performance.
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In the pioneering study by Hansen and colleges
(Hansen et al. 2005) untrained (UT) men performed
kicking-exercise in one leg every day, while the other leg
was exercised twice every other day, the second bout per-
formed with low glycogen availability. After 10 weeks of
training time to exhaustion at 90% power output was
increased in the twice-a-day leg only (294 vs. 113%,
respectively). Similarly, trained men cycling twice every
second day compared to once every day for 3 weeks,
showed increased glycogen storage, fat oxidation and
mitochondrial enzyme activity, although no improvement
in performance was found (Yeo et al. 2008).
Only a few studies have investigated the effect of CHO
restriction during recovery. Pilegaard et al. (2005) reported
augmented activation of metabolic genes following 75 min
cycling exercise combined with long term (>5 h) low CHO
recovery diet when compared to controls. Mathai et al.
found no differences between high or low CHO diet during
recovery from 2 h cycling (Mathai et al. 2008) and Cluber-
ton et al. supported this finding with high or low CHO diet
during the first 3 h after 60 min cycling (Cluberton et al.
2005). Thus, the effect of CHO manipulation during recov-
ery is currently uncertain.
It is a well-established fact that exercise induced changes
in gene transcription and translation regulate protein adap-
tations through distinct signaling pathways (Pilegaard et al.
2000; Joseph et al. 2006). Consequently, repeated endur-
ance exercise leads to adaptations in oxidative capacity, e.g.
increase in size, density and efficiency of mitochondria,
improved metabolic pathways and increased capillary den-
sity (Coffey and Hawley 2007). The importance of peroxi-
some proliferator-activated receptor gamma co-activator
1-alpha (PGC-1a) orchestrating key downstream events in
this context is well recognized (Scarpulla 2002; Ojuka 2004;
Olesen et al. 2010). Both the regulation of mitochondrial
biogenesis and activation of PGC-1a have been linked to
exercise and CHO availability through several pathways.
PGC-1a coordinates the expression of both nuclear and
mitochondrial genes by interacting with several transcrip-
tion factors, including nuclear respiratory factor 1 (NRF1),
which in turn activates mitochondrial transcription factor
A (TFAM) (Scarpulla et al. 2012). Although the role of
PGC-1a in regulating multiple aspects of metabolic adapta-
tions to exercise is well established, the molecular mecha-
nisms mediating the response are not fully understood,
particularly in the highly trained (HT) (Laursen and Jen-
kins 2002).
Years of training leads to a highly adapted skeletal muscle
phenotype (Wittwer et al. 2004) and ability to optimize
fuel expenditure (Erlenbusch et al. 2005), and baseline
mRNA levels potentially direct gene responses to exercise
differently in HT. Most studies evaluating the effect of spe-
cific exercising regimes are conducted in UT or moderately
trained subjects using short (<1 h), non-applied exercising
protocols. After introducing the concepts of “train low”
and CHO restriction during recovery, it is important to
investigate if the CHO availability/restriction modes intro-
duce similar effects in highly endurance trained subjects.
Here we conduct long term (4 h) endurance exercise in HT
subjects reflecting a real-life cycling session in regards to
intensity and duration, and examine the importance of
CHO availability on the expression of genes involved in
metabolic adaptation. Further, baseline levels of these key
metabolic cell signaling pathways have not been compared
between highly endurance trained and controls.
The specific aim was to determine if the metabolic
adaptations, particularly PGC-1a and downstream meta-
bolic targets were affected by restricting CHO during the
initial 4 h following an endurance exercise bout in HT
endurance athletes. Further, baseline expression levels of
these genes were compared to untrained. We hypothe-
sized that: (1) HT athletes display higher baseline levels of
key regulatory mitochondrial and metabolic genes com-
pared to UT; (2) exhaustive cycling exercise induce an
up-regulation of PGC-1a and downstream key regulatory
metabolic genes in HT athletes; and (3) a delayed replen-
ishment of glycogen stores during post exercise recovery
further up-regulate these genes.
Experimental Protocol
Subjects
Fifteen healthy HT Danish triathletes were included in
the study (Table 1). All athletes competed at national
and/or international level. Six triathletes were current or
former Danish National Team members, and four were
recently placed in the top three at the European or World
Long Distance Triathlon Championships. One to two
weeks before participating in the study the subjects visited
the experimental facility to get familiarized with the
exercise protocol and to determine general anthropomet-
rics, maximal oxygen uptake (VO2max) and maximal heart
rate (HRmax). Eight UT control subjects were recruited
for purposes of comparing baseline gene expression levels
(Table 1), and did not participate in the exercise
protocol. All subjects were included in the study after
informed written consent. The study was approved by the
local ethical committee of the Region of Southern
Denmark (Project-ID S-20090140) and was conducted
according to the Declaration of Helsinki.
Exercise protocol
The HT subjects completed a single exercise session con-
sisting of 4 h of cycling at an average of 73  1% of
2015 | Vol. 3 | Iss. 2 | e12184
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HRmax, (CHO; 74  1% and H2O; 71  0%) which, esti-
mated from the sub-maximal test, equaled approximately
56% of VO2max. Athletes were supplied with water only
(minimum of 1 mL waterkg1h1) to deplete muscle
glycogen stores during this session. Athletes were ran-
domly assigned to either water (H2O group; n = 7) or
CHO provision (CHO group; 1.06 g CHOkg1h1;
n = 8) formulated for optimal loading for the following
4 h recovery period (Fig. 1A). Room temperature
(~22°C) and humidity (~35%) were maintained stable
during the cycling exercise. Subjects cycled using personal
shoes, pedals, and bicycles mounted on turbo trainers
(Elite Crono Mag ElastoGel Trainer, Fontaniva, Italy) at
self-selected cadence.
CHO supplementation
Dietary intake was controlled and corresponded to the rec-
ommendations from the American College of Sports Medi-
cine (Rodriguez et al. 2009). Calorie intake was calculated
on basis of body mass. Breakfast consisted of CHO rich
foods (i.e. porridge oats, raisins, skimmed milk, orange
juice and energy bar; 82 kJkg1bw). Following the pro-
longed exercise, the CHO group received a meal consisting
of pasta, chicken, vegetables and a CHO beverage (1.07 g
CHOkgbw1h1) during the initial 2 h of the recovery
period and a CHO beverage and an energy bar (1.05 g
CHOkgbw1h1) during the subsequent 2 h of the
recovery. The H2O group was provided with water only
during the initial 4 h of the recovery period. The remain-
ing 20 h of recovery both groups received standardized
CHO-enriched meals (CHO: dinner and breakfast; H2O:
lunch, sportsbar, dinner and breakfast) equalizing the total
energy intake between groups. The time elapsed between
breakfast consumption and collection of pre and 24 h-
biopsies was 1.5 h on both days. Subjects received
264 kJkgbw1 on the first experimental day correspond-
ing to 17.2 to 22.6 MJ (10 g CHO kgbw1day1).
Sample collection
Muscle biopsies were collected from m. vastus lateralis
under local anesthetic (1% lidocaine; Amgros, Copenha-
gen, Denmark) using a 5 mm Bergstr€om needle with
suction. Samples were collected before (pre) and approxi-
mately 5 min after the exercise bout (post), as well as
after 4 h and 24 h of recovery (4, 24 h). For controls
only the pre samples were collected. For all subjects the
experimental procedure was initiated in the morning
according to our standardized protocol. Participants were
Table 1. Anthropometric, physiological and training characteristics of participants.
CHO H2O HT (CHO + H2O) UT
n 8 7 15 8
Age (years) 27.0  1.0 27.1  1.5 27.0  0.8 22.3  0.3†
Height (cm) 182  2 184  2 183  1 181  2
Body Mass (kg) 74.1  1.8 77.7  2.5 75.8  1.5 77.9  3.4
Body Fat (%) 9.6  0.6 11.0  0.6 10.2  0.5 –
History of elite training (years) 4.6  1.0 4.7  1.8 4.6  0.6 None
Training volume (hweek1) 16.9  1.4 15.3  1.2 16.1  0.9 0.3  0.2†
VO2max (Lmin1) 5.08  0.17 4.93  0.18 5.00  0.12 –
VO2max (mLkg1min1) 68.5  1.3 63.5  1.8* 66.2  1.2 –
Type I fibres (%) 73.5  2.7 55.4  3.2* 65.0  3.1 48.3  5.3†
Type II fibres (%) 26.5  2.9 43.6  3.4* 35.0  3.3 51.7  5.3†
Data from CHO, H2O and UT groups and pooled data from all HT are presented.
*Significantly different from CHO, P < 0.05.
†Significantly different from HT, P < 0.05.
Muscle biopsyMuscle biopsyMuscle biopsy
90 min 
recovery
4 h cycling 
with H2O  4 h recovery
with H2O or CHO  
20 h recovery
with CHO  
H2O
CHO
Breakfast Muscle biopsy
Figure 1. Exercise protocol designed for glycogen manipulation during recovery. Schematic illustration of the experimental design. All
participants followed the same procedure, apart from receiving either water (H2O) or carbohydrate (CHO) during the first 4 h of recovery.
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instructed to avoid physical activity (24 h), alcohol and
caffeine (72 h) before the experiment and were provided
with a standardized diet during the entire experimental
period (24 h pre and post exercise). Biopsies were taken
in the same region and depth and care was taken to avoid
damaging effect of multiple biopsies by alternating legs
and separating incisions by ~5 cm (Vissing et al. 2005).
Of 100–150 mg tissue was excised, quickly dissected from
fat and connective tissue, divided into multiple pieces and
either directly frozen in liquid nitrogen or embedded in
TissueTek (Sakura Finetek, Alphen aan den Rijn, the
Netherlands) and frozen in precooled isopentane. The
samples were stored at 80°C for further analysis.
MHC isoform analysis
Whole muscle homogenate and gel electrophoresis was
used to determine the MHC isoform composition as previ-
ously described in (Salviati et al. 1986) and modified for
humans (Andersen and Aagaard 2000). Briefly, muscle
biopsy samples were manually homogenized in 1:10 vol-
umes of ice-cold buffer (300 sucrose mmolL1, 1 EDTA
mmolL1, 10 mmolL1 NaN3, 40 mmolL1 Tris-base
and 40 mmolL1L-histidine, pH 7.8) at 0°C, and
subsequently frozen in liquid nitrogen. For analysis, homo-
genates were mixed with sample-buffer (10% glycerol, 5%
2-mercaptoethanol and 2.3% SDS, 62.5 mmolL1 Tris
and 0.2% bromophenolblue, pH 6.8), heated at 100°C for
3 min and for each three samples (9 mg, 16 mg and 22 mg
protein) were loaded on a SDS-PAGE gel (6% polyacryl-
amide). Gels were run at 80 V for at least 60 h at 4°C and
bands were stained with Coomassie. The gels were scanned
(Linoscan 1400 scanner, Heidelberg, Germany) and MHC
bands quantified densitometrically (Phoretix 1D, nonlin-
ear, Newcastle, UK) according to the loaded protein
amounts. Western blotting was used to identify MHC II
(Sigma M 4276) with the protocol Xcell IITM (Invitrogen,
Carlsbad, CA).
Muscle glycogen content
The data on muscle glycogen content have previously
been published (Gejl et al. 2014). Muscle glycogen was
determined using spectrophotometry (Beckman DU 650)
(Passonneau and Lowry 1993). Freeze dried muscle
tissue was boiled in 3% w/v of 1 molL1 HCL for
2.5 h before it was cooled and centrifuged at 3500 g for
10 min at 4°C. One milliliter of reagent solution
(1 molL1 tris-buffer, 100 mmolL1 ATP, 1 molL1
MgCl2, 100 mmolL1 NADP+ and G-6-PDH) was mixed
with 40 lL of boiled muscle sample and the process
was initiated by adding 10 lL of diluted hexokinase.
Absorbance was recorded for 60 min and muscle glycogen
expressed as mmolkg1dw1. The analysis was unsuc-
cessful in four of the muscle biopsies, which forced us to
leave out these data points.
Periodic acid-Schiff (PAS) staining with
immunofluorescences
Sections were stained with PAS and immunofluorescence
for myosin heavy chain I with a procedure adopted from
Schaart et al. (2004). All incubations were carried out at
room temperature (19–22°C). Briefly, muscle sections were
fixed for 10 min in 4% formaldehyde with 0.05% Triton
X-100, washed and then treated with 1% periodic acid
(Sigma Aldrich, Brøndby, Denmark) in water for 5 min.
The slides were incubated with Schiff’s reagent (Sigma
Aldrich; containing 1% pararosaniline, 4% sodium metabi-
sulphate and 0.25 molL1 hydrochloric acid) for 15 min
and washed in water for 10 min. For immunofluorescence
staining, sections were washed in Wash Buffer (Dako,
Glostrup, Denmark) and blocked in Protein Block (Dako)
before incubation with monoclonal anti-myosin heavy
chain I (MHC-I), 1:2000 (Sigma-Aldrich) for 1 h and sub-
sequent Alexa-flour 488 donkey anti-mouse secondary
antibody, 1:500 for 1 h. The slides were mounted with Pro-
Long Gold Antifade with dapi (Life Technologies, Naerum,
Denmark).
RNA extraction and cDNA synthesis
Tissue samples were weighed and homogenized in tubes
containing 10 ceramic beads and one silicium crystal
using the MagnaLyzer (Roche, Hvidovre, Denmark). Sub-
sequent, total RNA was extracted using TRIzol Reagent
(Life Technologies) according to the manufactures direc-
tions and RNA concentration was measured using the
Nano Drop (ND1000; Thermo Scientific, Hvidovre,
Denmark) returning 260/280 ratios above 1.8 for all sam-
ples. 500 ng of RNA was converted into complementary
DNA using High Capacity cDNA Reverse Transcription
Kit (Applied Biosystems, Naerum, Denmark).
Real-time reverse transcriptase Polymerase
Chain Reaction
Real-time RT-PCR was performed using TaqMan Low
Density Arrays custom designed with 46 genes and two
controls. Each port on the cards was loaded with cDNA
equivalent to 125 ng total RNA mixed with 29 Gene
Expression Mastermix and samples were run at 50 cycles
in duplicates on the 7900 Sequence Detection System (all
reagents from Applied Biosystems). Data were collected
and analyzed using SDS 2.4 software (Applied Biosys-
tems). Technical duplicates were evaluated and samples
2015 | Vol. 3 | Iss. 2 | e12184
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excluded when DCt > 1. Control genes were verified using
GeNorm software (Vandesompele et al. 2002) and data
were expressed relative to the reference genes GAPDH
and RPLP0 using the qBase+ software (Biogazelle,
Zwijnaarde, Belguim). The following TaqMan assays were
used; PPARGC1A-Hs01016724_m1, NRF1-Hs00602161_
m1, TFAM-Hs01082775_m1, COX4I1-Hs00971639_m1,
PDK4-Hs01037712_m1, LPL-Hs00173425_m1, PPARA-
Hs00947538_m1, UCP3-Hs01106052_m1, SLC2A4-Hs001
68966_m1, RPLP0-Hs99999902_m1, GAPDH-Hs9999990
5_m1.
PGC-1a protein expression
Eight lm cryo-sections were fixed in 4% NBF, permeab-
lized in 0.5% triton 100-X, blocked in protein blocker
(Dako) and incubated with (1) PGC-1 alone (K-15,
1:200; Santa Cruz) (Russell et al. 2003); (2) PGC-1
together with monoclonal anti-myosin heavy chain I
(MHC-I, 1:10.000; Sigma-Aldrich) or (3) PGC-1 together
with monoclonal anti-myosin heavy chain II (MHC-II,
1:10.000; Sigma-Aldrich) over night. Subsequent, sections
were incubated with Alexa-flour 555 donkey anti-mouse
and 488 goat anti-rabbit secondary antibodies (Life Tech-
nologies), 1:1000 for 1 h and mounted with ProLong
Gold Antifade with dapi (Life Technologies). Negative
controls leaving out primary antibodies were included.
Statistical analysis
Before performing the statistical analysis, all gene expres-
sion data were logarithmic transformed to insure normal
distribution and are reported in the article as geometric
mean  SEM (back transformed values) of the expression.
The remaining data are presented as mean  SE. A two-
way ANOVA (SigmaStat, 3.5; Systat Software, Erkrath,
Germany) was performed between time and treatment
(CHO or H2O) for mRNA targets and glycogen followed by
a Student-Newman-Keuls post hoc test, when a significant
interaction was identified. Student’s t-test was used to iden-
tify differences in baseline mRNA, and Pearsons correlation
was used for correlations. Data were considered significant
when P < 0.05. Graphs were made employing GraphPad
Prism 5.0 (GraphPad Software, Inc., La Jolla, CA).
Results
Fiber type distribution
The HT athletes displayed an increased number of type I
fibers compared to the UT (65.0  3.1% vs. 48.3  5.3%,
P = 0.010) with a consequent lower proportion of type II
fibers (35.0  3.3% vs. 51.7  5.3%, Table 1). The fiber
type distribution in the CHO and H2O groups were not
identical as CHO had 73.5.3  2.7% type I fibers com-
pared to 55.4  3.2% in H2O (P = 0.001, Table 1).
Baseline mRNA expression
Comparing baseline mRNA expressions showed a higher
level of expression in HT subjects of nuclear respiratory
factor 1 (NRF-1) and cytochrome c oxidase-IV (COX-IV)
involved in mitochondrial biogenesis (29 and 94%,
respectively) (Fig. 2A). Baseline mRNA of metabolic tar-
gets pyruvate dehydrogenase kinase 4 (PDK4) was lower
(63%), while glucose transporter type 4 (GLUT4), and
peroxisome proliferator-activated receptor alpha (PPARa)
was higher (63 and 44%, respectively) in HT compared
to the UT (Fig. 2B). When combining data from the HT
and the UT percentage of type I fibers and baseline
mRNA expression were positively correlated for PGC-1a,
TFAM, NRF1, COX-IV, PPAR-a and GLUT4 (P < 0.05,
Fig. 3A–F).
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Figure 2. Baseline mRNA expression levels of HT vs. UT.
Expressions levels of targets related to mitochondrial biogenesis
(A) or metabolism (B). Values are normalized to the reference genes
GAPDH and RPLP0, and reported as geometric means  SEM. HT;
n = 15, UT; n = 8. Significantly different from UT; *(P < 0.05),
**(P < 0.01), ***(P < 0.001).
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Glycogen
Biochemical determination of muscle glycogen is given in
Table 2. Periodic acid-Schiff stainings on transverse
muscle biopsy sections revealed a marked reduction in
muscle glycogen with depletion primarily of type I fibers
(Fig. 4A). Additionally, absolute changes in muscle
glycogen from both groups during depletion (pre-post)
and replenishment (post-24 h) correlated positively
with VO2max (r
2 = 0.512, P = 0.009 and r2 = 0.567,
P = 0.003 for depletion and repletion, respectively;
Fig. 4B and C).
Gene response to exercise
Exercise induced changes in mRNA expression are
depicted in Fig. 5. PGC-1a mRNA was increased 11 fold
immediately after the exercise bout and remained elevated
for the first 4 h in recovery, while returning to baseline
levels by 24 h. Likewise, TFAM mRNA expression showed
a significant increase post exercise and at 4 h, while
A B
C D
FE
Figure 3. Baseline mRNA expression correlates with percentage of type I fibers. Correlations between individual percent of type I fibers and
baseline mRNA expression (A–F). H2O: white circle; CHO: white square; UT: black cross. Values are normalized to the reference genes GAPDH
and RPLP0.
Table 2. Muscle glycogen levels. Total muscle glycogen concen-
trations at pre and post exercise and after 4 and 24 h of recovery
expressed as mmolkg1dw1. Note different glycogen repletion
rates between H2O and CHO after 4 h recovery.
CHO (mmolkg1dw1) H2O (mmolkg1dw1)
Pre 732  28 666  43
Post 234  39*** 245  49***
4 h 444  24*** 264  31***,†
24 h 704  39 616  31
Significantly different from pre is indicated by *** (P < 0.001),
and by †when significantly different from CHO at corresponding
time point (P = 0.002).
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NRF1 and COX-IV mRNA showed a significant decrease
at those time points. All three genes returned to pre levels
by 24 h (Fig. 5).
A significant increase in mRNA expression was found
for PDK4 and lipoprotein lipase (LPL) post and 4 h after
exercise, while PDK4 returned to baseline levels LPL was
Muscle glycogen depletion
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Figure 4. Selective muscle glycogen depletion. Double immunohistochemical stainings show effective glycogen depletion post exercise,
primarily of type I fibers and restoration of glycogen after 4 and 24 h of recovery. White fibers indicate glycogen depletion (top), while type II
fibers are labeled green and nuclei blue (bottom). Images are from a subject in CHO (A) and H2O group (B). Scale bar: 50 lm. Absolut changes
in muscle glycogen correlated with VO2max for pre-post exercise depletion (y = 19.3x + 788.3; r2 = 0.5123; P = 0.0089; n = 12) and post-
24 h repletion (y = 18.0x  755.9; r2 = 0.5673; P = 0.0030; n = 13) (C, D).
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still increased after 24 h (Fig. 5). The exercise bout did
not give rise to an immediate effect on PPAR-a or mito-
chondrial uncoupling protein 3 (UCP3) mRNA post or at
4 h, although an increase and decrease, respectively was
found after 24 h. GLUT4 mRNA was slightly decreased
post exercise, but returned to basal levels during the
recovery period.
Influence of CHO vs. H2O on gene expression
Supplementation with CHO during 4 h of recovery did
not increased expression of any of the mRNA targets after
4 h compared to H2O group (Fig. 5).
PGC-1a protein expression
Immunohistochemical evaluation of PGC1-a protein
showed inconsistent results (Fig. 6). Evaluation of PGC-1a
alone revealed no positivity, whereas double labelling with
PGC-1a and MHC-I showed PGC-1a-positive type I
fibers, and double labelling of PGC-1a and MHC-II
showed PGC-1a-positive type II fibers. Negative controls
showed no staining.
Discussion
This study is, to our knowledge, the first to investigate
the effect of carbohydrate intake versus a delayed replen-
ishment of glycogen stores of more than 2 h following
long term endurance exercise on PGC-1a and down-
stream metabolic gene targets in HT athletes. The exercise
protocol induced a transient expression in PGC-1a and
several downstream gene targets; however CHO restric-
tion during recovery did not increase the gene expression
response. Muscle glycogen stores and gene expressions
levels were completely recovered after 24 h with and
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Figure 5. Mitochondrial biogenesis and metabolic mRNA expression in H2O and CHO. Values are normalized to the reference genes GAPDH
and RPLP0, expressed relative to pre values, and reported as geometric means  SEM, n = 15. Significantly different from pre is indicated by
*(P < 0.05).
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without CHO intake. These major findings demonstrate
that (I) delayed replenishment of glycogen stores 4 h into
recovery does not augment the expression of PGC-1a and
downstream metabolic gene targets after glycogen deplet-
ing exercise and (II) withholding the initiation of refuel-
ing for as long as 4 h does not compromise muscle
glycogen content in HT athletes after 24 h of recovery
from long term endurance exercise. These observations
can influence nutritional strategies in training and compe-
tition of athletes that for various reasons cannot refuel
immediately, and athletes wishing to manipulate their
PGC-1a response should not do so by combining nutri-
tional and long term exercise strategies.
Baseline comparison HT vs. UT
Generally, the HT displayed an increased number of
type I fibers, which can be the result of a natural selec-
tion of athletes with a high proportion of type I fibers,
but also reflect a switch towards fibers with a more oxi-
dative profile (Henriksson 1992). Interestingly, we
observed that percentage of type I fibers and baseline
mRNA expression were positively correlated, which sup-
ports previous findings (Schmitt et al. 2003; Stepto et al.
2009). Similarly, PGC-1a mRNA was up-regulated in
endurance athletes compared to normal active and
spinal cord injured (Kramer et al. 2006) suggesting type
I fibers to produce and contain more transcripts poten-
tially due to a higher mitochondrial density and selec-
tive activation during endurance exercise. The high basal
levels of PPARa and GLUT4 and decreased levels of
PDK4 in HT athletes compared to UT suggest that HT
possess a highly efficient lipid and glucose metabolisms.
The finding that the absolute changes in muscle glyco-
gen were positively correlated with VO2max further
underlines the training-induced capability of muscle fac-
ing metabolic challenges. Plausible explanations for the
variations in glycogen storage capacity could be differ-
ences in muscle content of e.g. glut-4 protein (Hickner
et al. 1997), insulin signaling (Wittwer et al. 2004) or
muscle blood flow (Ebeling et al. 1993) and ultimately
glucose distribution to the muscles, but the increased
proportion of type I fibers in HT might also influence
this finding.
Exercise induced gene response
The experimental protocol was designed to reflect a regu-
lar training bout and consistent with previous studies
(Pilegaard et al. 2003; Cluberton et al. 2005; Psilander
et al. 2013) we found an increase in PGC-1a mRNA fol-
lowing exercise, which returned to baseline levels within
24 h of recovery. The protocol led to an 11-fold increase
in PGC-1a immediately after the exercise bout, which is
analogous to the highest increase reported in the litera-
ture (Watt et al. 2004; Wang et al. 2009; Harber et al.
2010), suggesting that long term endurance exercise ses-
sions impact the mitochondrial biogenesis substantially in
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Figure 6. Immunohistochemical evaluation of PGC-1a protein expression. Serial sections from the 4 h time point are stained with PGC-1a and
MHC-I (A–C), PGC-1a and MHC-II (D–F) or PGC-1a alone (G–I). Scale bar: 50 lm.
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HT. Furthermore, an accompanying increase in TFAM
indicated a direct activation of mitochondrial gene
expression and initiation of mitochondrial biogenesis. The
exercise bout led to ample increases in both PDK4 and
LPL mRNA, proposing a switch from glucose to fatty acid
metabolism in order to spare glycogen. This shift has pre-
viously been shown following glycogen depleting exercise
in untrained (Schmitt et al. 2003; Pilegaard and Neufer
2004), and appears to be similar in the highly endurance
trained muscle.
Influencing PGC-1a response
Following exercise, the muscle glycogen levels were very
low and withholding CHO intake during the initial
recovery phase induced a marked difference in glycogen
repletion rates between CHO and H2O groups prompt-
ing a potential difference in availability of circulating
substrates between groups (e.g. FFA/glucose, insulin,
hormones). Nevertheless, in contrast to our hypothesis
we found no difference in mRNA expression between
CHO and H2O. This is in line with other studies find-
ing no effect of CHO restriction during recovery from
exercise (Cluberton et al. 2005; Mathai et al. 2008;
Cochran et al. 2010).
Differentiating between the effects of low glycogen
and exercising with low glycogen can be difficult and
might explain some of the difference observed in studies
regarding PGC-1a. In the present study low glycogen
alone did not augment PGC-1a expression and other
studies supports the need for combining exercise with
low glycogen (Hansen et al. 2005; Yeo et al. 2008; Psi-
lander et al. 2013; Bartlett et al. 2013) Duration and
intensity might also influence the PGC-1a response. In
the present study, it is likely that the exercise duration
alone impacts the skeletal muscle to such an extent that
subsequent dietary interventions are incapable of further
activating PGC-1a. Several studies investigating “endur-
ance” exercise use protocols of 60–75 min of exercise,
and since PGC-1a increase in an intensity-dependent
manner (Egan et al. 2010), it is important that the exer-
cise protocol reflects regular work of a group of endur-
ance athletes. This is highlighted by the ability of short
high intensity interval training (HIT) protocols in
inducing moderate PGC-1a responses (Little et al.
2011). The present study was designed with the accus-
tomed training regime of endurance athletes in mind, as
4 h cycling is parts of the weekly training program. If
the duration/intensity-dependent activated PGC-1a
increase independently of dietary intake, it is question-
able if CHO restriction will have any practical effect in
the training regime of the highly endurance trained,
who exercises up to 35 h per week.
Timing of CHO intake
For years athletes have been advised to consume CHO
as soon as possible post exercise, and delaying the pro-
cess might impact the performance within the next 4–
8 h (Ivy et al. 1988). This study showed a marked differ-
ence in muscle glycogen at 4 h recovery with the H2O
group being physically affected by deprived glycogen lev-
els. However, after 24 h these differences vanished sug-
gesting that CHO restriction did not influence glycogen
recovery, as long as sufficient energy was consumed
overall. A previous study lead to a similar conclusion
after refraining from CHO for 2 h following exercise
(Parkin et al. 1997), and muscle glycogen content 24 h
after exercise was identical between subjects consuming a
few large or numerous small meals (Costill et al. 1981;
Burke et al. 1996). At which point between 4 h and
24 h the H2O group “catches up” with the CHO group
will be of interest in regard to optimize athletic perfor-
mance, but answers to this question need to be
addressed in subsequent studies.
Methodological considerations
This study was limited in the number of biopsies that
could be collected from each subject. In future
experiments elucidation of the mRNA expression levels
at time points between 4 and 24 h and beyond would
be helpful in understanding the effect of low CHO
recovery. The fiber type analysis revealed a difference in
fiber type distribution between CHO and H2O despite
randomizing the subjects to either group. Based on our
hypothesis we expected an augmented increase in
PGC-1a expression in H2O upon the nutritional
intervention and accompanying metabolic stress. The
baseline correlation between type 1 fibers and PGC-1a
indicates a potential for higher PGC-1a expression in
CHO, but such a difference was not detected following
identical exercise stimulus in the two groups. Further,
when normalizing mRNA levels for each subject to the
corresponding individual fiber type distribution at every
time point, it did not change the mRNA-response,
suggesting that neither different baseline potential
nor fiber type distributions affected the increase in
PGC-1a.
Immunohostochemical evaluation of PGC-1a protein
expression was unsuccessful (Fig. 6) and highlights the
problems arising when trying to examine of PGC-1a at
the protein level, as no reliable antibodies exist. However,
a general consensus exists that PGC-1a is mainly regu-
lated at the transcriptional level (Olesen et al. 2010), and
mRNA is, at least for now, the only way to evaluate PGC-
1a until new antibodies are developed.
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Conclusions
In summary, the results from the present study demon-
strated that CHO restriction during the first 4 h following
glycogen depleting endurance exercise did not influence
the metabolic gene expression, including PGC-1a. How-
ever, within 24 h all subjects were able to recover to pre
exercise levels in terms of glycogen storage and most
mRNA targets, suggesting that HT athletes possess the
ability to recover relatively fast despite a demanding exer-
cise session followed by a longer period of CHO restric-
tion. This has important potential for athletic nutritional
planning in regards to optimizing training and competi-
tion outcomes.
Finally, it is important for future reports to investigate
fiber type distribution among the included subjects, as
this study demonstrates that baseline mRNA values are
correlated with fiber type distribution. This may be an
important step understanding exercise training physiology
and metabolic based diseases such as obesity and type 2
diabetes.
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